The iron ore sintering was characterized as a relatively uniform process of solid material, coke combustion, various modes of heat transfer, and the complicated physical changes of solid particles. The sintering bed was modeled as an unsteady one-dimensional process of the solid materials with multiple solid phases, which confers a phase on each kind of solid material. Each solid phase had a specific particle size and compositions. Drying, condensation, coke combustion, limestone decomposition, generation of the macroscopic internal pore and shrinking of the bed were considered. Complicated modes of heat transfer including conduction, convection and radiation were considered. Numerical simulations of the condition in the iron ore sintering bed were carried out for various parameters: coke contents and air suction rates, along with some other parameters of the model. Calculation results were compared with the results of the sintering pot test. The temperature profiles and gas compositions showed a good agreement with the experimental data.
Introduction
The iron ore sintering process is applied to produce large particles (Ͼϳ5 mm) of iron ore agglomerates with appropriate metallurgical properties required in the blast furnace. A raw mix of iron ores, limestones, and fuel coke fines forms a bed on a traveling grate. Figure 1 shows a conceptual version of the process in the iron ore sintering bed. Once ignited by a coke oven gas (COG) burner, coke combustion progresses downward very slowly, and iron ores are sintered in the high temperature (combustion) zone. Air is supplied to the bed by a down draft suction fan. The combustion commences at the top of the bed by a hot gas jet from the ignition burners for a few minutes after the feed material is introduced into the bed, and propagates into the bed with sintering near the combustion front.
An iron ore sintering bed is relatively homogeneous and static compared with waste incinerators of grate type. That makes it easier to model it as a fixed bed which moves at constant speed. Many researchers conducted modeling coke combustion and heat transfer in the iron ore sintering bed. Muchi and Higuchi 1) performed one dimensional modeling of the sintering bed focused on the coke combustion and predicted combustion gas composition and temperature distribution in the bed. Young 2) considered the change of coke particle size during combustion in addition to the bed combustion model. Cumming et al. 3) and Patisson et al. 4) considered the change of the bed height and porosity that resulted from the surface melting of the iron ore by introduction of shrinkage factor. Nath et al. 5) predicted the melting and molten zone in addition to the previous model. Kasai et al. 6) employed the discrete element method (DEM) and analyzed bed structural changes systematically, and Ramos et al. 7) combined this method with the combustion and heat transfer modeling in the iron ore sintering bed. But there is still enough potential for the improvement of the models in point of solid fuel combustion and heat transfer in porous media, although they well describe the complicated phenomena in the sintering bed. First of all, these models are one-dimensional and consider the solid part as a single phase that has a uniform chemical composition. Each cell is represented by unique solid temperature, chemical composition and physical properties. These representations can be somewhat different from the real situation, in which each kind of solid material has different temperatures, physical properties and chemical compositions. Secondly, heat transfer in the sintering bed should be treated in detail in order to understand the influence of various design and operating parameters on the conditions in the bed. Especially radia-tion, which has not been considered in the previous studies, can be one of the important phenomena for describing the propagation of the combustion zone in porous media. 8) Finally, modeling of the geometrical changes in the solid particles and whole sintering bed can be performed in a new manner for improving applicability to a different type of fixed/moving beds involving solid fuel combustion.
Starting with a consideration of multiple solid phases and various modes of the heat transfer in detail can be the first step in solving these problems and improving the mathematical model of an iron ore sintering bed. In this research, simulations of the iron ore sintering process with the consideration of the multiple solid phases have been developed with employing the series of conservation equations for each phase. Mathematical equations of coke combustion, limestone decomposition, and various modes of heat transfer in/between identical/different solid phases which include radiation as well as convection and conduction were developed for calculating source terms of the conservation equations. New method of the modeling geometrical changes of the solid particles and the sintering bed has been proposed. Simulation results were compared with the results of sintering pot test. Figure 2 shows the concept of the process modeling with multiple solid phases. The sintering bed consists of a gas phase and multiple solid phases including iron ores, coke, limestone and other minor additives. The mix of the solid phases can be considered as porous media. Each solid phase has a different particle size and chemical composition. When heated by hot gas stream generated by a gas burner, solid material experiences drying, coke reactions, limestone decompositions, or reduction of the iron oxide. For large particles, multiple kinds of reactions can occur in a single particle due to the temperature gradient. Through these processes, heat and mass exchange between solid and gas occur.
Model Outlines and Governing Equations
Geometrical change is also an important parameter in the model. Changes of the particle sizes during combustion, melting, or sintering cause a change of bed structure, which can be represented by bed height and porosity. Generation of internal pores during drying or coke combustion changes the particle densities and other physical properties, which should be modeled carefully because they can significantly influence on the combustion process and quality of the sintered ore.
Mathematical modeling of these phenomena is composed of constructing system equations of conservation form based on the assumption that the solid and gas are continuum. Sub-models are required to determine each term of the governing equations. Table 1 shows the meaning of the © 2004 ISIJ Table 1 . Symbols used in this paper. Solid phases and the gas phase influence each other through the pressure difference by packing as well as heat and mass transfer. These effects are reflected in the source terms of the equations. Table 2 shows the detailed governing equations for each phase. The terms in the right hand side of Eq. (4) mean followings in sequence; diffusion term including conduction, heat transfer from other solid phases, convective heat transfer from gas phase, radiation, heat of various reactions, and heat loss by release of gas produced by reactions.
Sub-models
Sub-models determine each term of the governing equations. They consider chemical reactions, various modes of heat transfer and geometrical changes of the solid particles.
Reactions
Chemical reactions in the sintering bed consist of two parts: solid-gas and gaseous reactions. Major solid-gas reactions in an iron ore sintering bed are coke combustion and limestone decomposition. Generally, the combustion process of solid fuel can be classified into drying, pyrolysis and coke reactions; however, pyrolysis is not considered here because the volatile content in coke is very low. Gas species participate in these reactions as reactant or product. In this point of view, drying and moisture condensations also can be regarded as solid-gas reactions.
Coke reactions occur in the surface of the solid particle. O 2 , CO 2 , H 2 and water vapor can participate in the reactions as a reactant competitively. These reactions are heterogeneous and can be classified as the oxidation and gasification. Temperature, gas diffusion and change of the particle sizes are important parameters in the coke reactions, which are expressed as a form of the rate equation, Eq. (10). Another important solid-gas reaction is the limestone decomposition. Young's model 2) can be employed for the prediction of the decomposition rate. Changes of the particle size can be considered in the same way as coke reactions because the reaction is also a kind of surface reaction. Young's model can be described as Eq. (11).
where As for the gaseous reactions, combustion of the carbon has been considered. The adopted reaction kinetics of CO is expressed as Eq. (12),
Gaseous combustion occurs much faster than solid-gas reactions. In this model, we assumed that gaseous reactant was consumed preferentially for gaseous reactions. Only excessive reactants can participate in the solid-gas reactions.
Heat Transfer
Heat transfer in the iron ore sintering bed contains very complicated modes of conduction, convection and radiation. It can be summarized as follows: convection/radiation between gas and solid phases, conduction/radiation between solid phases, conduction/radiation between the solid particles (in the same solid phases) and conduction in the gas phase. One solid particle is assumed to have one representative value of temperature, which means that there is no temperature gradient in a single particle.
Wakao and Kaguei 9) 's equation is employed for estimation of the convective heat transfer coefficient between solid phases and gas phase. The two-flux model, suggested by Shin and Choi, 8) was employed for radiative heat transfer between the solid particles of the same phase. This model is a simplified form of the discrete ordinate method, neglecting scattering term. Radiative heat transfer can be obtained by Eqs. (14) and (15). This approximation has the limitation that the actual bed material is not arranged so ideally as shown in Fig. 3 . However, compared to using radiative conductivity, which is used widely in porous heat transfer studies, this model is further realistic and stable for the calculation procedure. 8) where Estimation of heat exchange between solid phases is very difficult due to its complexity. In this study, a form of the convection heat transfer coefficient is used that has been also employed for the estimation of the heat transfer between fluidization particles and wall. 10) Austin et al. 11) used this method for the estimation of the heat transfer between iron ore and coke in a blast furnace. Heat transferred from the solid phase J to the solid phase I can be expressed as Eq. (16). 
Geometrical Changes
All the geometrical changes in the sintering bed are caused by the solid-gas reactions initially. Particle sizes of the coke and limestone are decreased by combustion or decomposition, while sintering can increases particle sizes of the iron ore. These changes cause bed structural changes in areas such as bed height and porosity. Some of the compositions in the solid particles cause a generation of the internal pores during reactions; therefore, modeling geometrical changes in an iron ore sintering process can be categorized into three parts: (1) changes of the particle sizes, (2) generation of the internal pores, and (3) bed structural changes.
In this model, the effects of the iron ore reduction and sintering/melting on the sintering bed are assumed to be negligible. For estimating the effects of coke reactions and limestone decomposition, the behavior of the ash or CaO should be considered. For generalization, f AS , the fraction Fig. 3 . Radiation absorption to the bed particle. 8) segregated from the solid particle is defined by Eq. (18).
....(18)
Some parameters related to particle sizes should be defined for the determination of the particle size d p . When d o is the initial diameter and d u is the parts containing combustible, d r , the real particle diameter after segregation, can be obtained from Eq. (19). If n is unity, volume fraction remains constant and decreases in particle size cause the bed height to change. If n is zero, the change of the volume fraction causes an increase of the porosity, meaning the bed height does not change.
Another important factor of the geometrical change is the generation of the internal pores, which affect the densities of the solid phases. The decomposition of limestone also affects the generation of the internal pore in the particles. Internal pores are calculated from the form of a partial differential equation expressed as Eq. 
Physical Properties
Density, specific heat, thermal conductivity, diffusivity and viscosity of the solid component or gas species should be modeled carefully since they can influence the simulation results directly. They were obtained by summation of the properties of each component multiplied by its mass fraction. The modeling method and references for the calculation of the each solid component or each species are shown in Table 4 . Chapman-Enskog Theory 12) was employed for estimating gas diffusivity and the Merrick Model 13) was used for setting the properties of coke.
Results and Discussion

Calculation Cases
One of the most important parameters of the sintering process is the coke combustion rate, which is influenced by the coke contents in the material and the air suction rate. Calculation is performed for the various coke contents and air suction rates which are expressed as the initial values of pressure difference after ignition. Figure 4 shows the iron ore sintering bed simulated in this study. Table 4 shows the major parameters of the reference calculation case. The three solid phases of iron ore, coke, and Table 3 . Sources of the physical properties of the solid component and gas species. limestone were considered. Other additives, which were not involved in the solid-gas reactions, were considered as parts of the inert material. Each solid phase consists of solid components such as moisture, coke, iron ore, CaCO 3 , CaO, and inert. Each of them has specific physical properties such as density, specific heat, and thermal conductivity. Table 5 shows the cases of the calculation and experiment. Main operating parameters are coke contents in the solid material and air inlet velocity, which can be represented by the initial pressure difference. After setting the initial value, the suction pressure varies with the progress of the coke combustion and the sintering of iron ore as shown in Fig. 5 . Considering these variations, air inlet velocity, which is a function of time, can be considered as the second order polynomial, while pressure difference is not reflected to the calculations. The coefficients are obtained from measurement data of the air velocity.
Calculation Results and Discussion
In the pot test, bed height was decreased by approximately 70 mm due to the melting of the iron ore. In the calculation model, in which sintering was not considered, bed height was assumed to have been decreased by coke reactions and limestone decomposition. The decrease of the bed height was tuned by setting the value of the packing parameter. Solid-gas reactions also affected the porosity of the bed, which was to about 0.43-0.44, similar to the selected value from the previous researchers' work. 2) Figure 6 shows the simulation results of the temperature distribution in the bed. The increase of the thickness of the coke combustion zone is well simulated. As reported in the previous study, 8) this unsteady 1-dimensional model can be extended to the 2-D steady model when the time axis is converted to horizontal directions by the constant moving speed.
Simulation data is compared with the pot test data, as represented in Fig. 7 . Temperatures of the bed at the locations of yϭ0.11 m, 0.30 m and 0.49 m were measured by Rtype thermocouples in the pot test, as is shown in Fig. 4 . Figure 7 (a) shows the average temperature distribution of the solid phase. Particle diameter and surface area of the each solid material can be reflected to the calculation, and the results are close to the experimental data in maximum temperature, thickness of the combustion zone, and the time of the temperature increase. Figure 7 with the experimental data, even if there is a little difference in CO 2 and CO concentrations, which are caused by underestimation of coke combustion rate. Mass fraction of coke is one of the important parameters that influence the bed temperature and gas composition. Figure 8 shows the mean solid temperatures at the point of yϭ0.30 m (center of the bed), for various initial mass fractions of coke. Higher coke content in the raw-mix material results in an increase of the combustion zone thickness and maximum temperature, meaning that the melt fraction increases for higher coke content. Simulation results have a similar trend to the experimental results.
In this model, the melt fraction of the iron ore can be estimated based on the mass fraction of CaO in the solid material and temperature of the iron ore, which was considered as the independent solid phase. Figure 9 shows the simulation results of the distributions of the melt fraction of the iron ore for various mass fractions of coke. Higher coke contents result in a thicker melting zone due to the higher temperature and longer residence time in the range of the sintering temperature. Changes of the melt fraction can affect the bed conditions seriously in terms of the combustion conditions and quality of the sintered ore. The melting effect should be analyzed systematically in future research.
Air suction rate directly affects the coke combustion rate. A higher air suction rate causes a higher coke combustion rate. For the quantification of the simulation results, FFS (Flame Front Speed), which is defined as Eq. (24) was introduced. In this study, the numerator of Eq. (24) is defined as the distance between the location of yϭ0.49 m and that of yϭ0.11 m, where thermocouples were installed in the pot test. The 1 000 K used in Eq. (24) means the temperature at which coke combustion commences, according to the assumption in this simulation. ...(24) Figure 10 shows the simulation and measurement results of the FFS for various air inlet velocities. It is increased proportionally to the higher initial pressure difference, causing the higher air inlet velocity. Simulation results are very close to the measurement result, meaning that the coke combustion rate can be well estimated by this numerical model.
Conclusion
A transient 1-dimensional model, which considers multiple solid phases, was proposed for the iron ore sintering process based on the assumption of porous media, which consist of homogeneous solid bed. Complicated modes of heat transfer in the bed were considered in detail. Modeling of radiative heat transfer and heat transfer between solid phases in the sintering bed were carried out. Bed structural changes were estimated based on the assumption that decreases in the bed height occurred due to the decrease of the particle sizes, which resulted from the surface reactions. The model also considers various kind of reactions such as drying/condensation, coke combustion and limestone decomposition. Albeit the complex nature of the phenomena, this assumption can provide reasonable values of the porosity and bed height decrease.
Calculation of this numerical model was performed for various coke contents and the air suction rates. Temperature distributions, combustion gas compositions and melt fraction distributions in the bed could be obtained. They were compared with the limited set of test results of the sintering pot. Simulation results showed a good agreement with the measured data. For improvement of the prediction, change in porosity and height of the bed influenced by surface melting should be considered in the future.
